Mutationally activated kinases play an important role in the progression and metastasis of many cancers. Despite numerous oncogenic alterations implicated in metastatic prostate cancer, mutations of kinases are rare. Several lines of evidence suggest that nonmutated kinases and their pathways are involved in prostate cancer progression, but few kinases have been mechanistically linked to metastasis. Using a mass spectrometry-based phosphoproteomics dataset in concert with gene expression analysis, we selected over 100 kinases potentially implicated in human metastatic prostate cancer for functional evaluation. A primary in vivo screen based on overexpression of candidate kinases in murine prostate cells identified 20 wild-type kinases that promote metastasis. We queried these 20 kinases in a secondary in vivo screen using human prostate cells. Strikingly, all three RAF family members, MERTK, and NTRK2 drove the formation of bone and visceral metastasis confirmed by positron-emission tomography combined with computed tomography imaging and histology. Immunohistochemistry of tissue microarrays indicated that these kinases are highly expressed in human metastatic castration-resistant prostate cancer tissues. Our functional studies reveal the strong capability of select wild-type protein kinases to drive critical steps of the metastatic cascade, and implicate these kinases in possible therapeutic intervention.
kinases | metastasis | prostate cancer | bone metastasis M etastatic prostate cancer is responsible for the deaths of ∼30,000 men in the United States each year (1, 2) . Ninety percent of patients develop bone metastases, and other major sites of metastases include lymph nodes, liver, adrenal glands, and lung (3) . First-line treatments for metastatic disease are androgen deprivation therapies that block androgen synthesis or signaling through the androgen receptor (AR) (2) . Inevitably, metastatic prostate cancer becomes resistant to androgen blockade. Second-line treatments such as chemotherapy (docetaxel, cabazitaxel) and radiation only extend survival 2-4 mo (4, 5) .
Identifying new therapeutic targets for metastatic prostate cancer has proven difficult. Exome and whole-genome sequencing of human metastatic prostate cancer tissues have found frequent mutations and/or chromosomal aberrations in numerous genes, including AR, TP53, PTEN, BRCA2, and MYC (6) (7) (8) (9) (10) (11) . The precise functional contribution of these genes to prostate cancer metastasis remains unknown. Genomic and phosphoproteomic analyses have also revealed that metastatic prostate cancer is molecularly heterogeneous, which has complicated the search for common therapeutic targets (12) . Few murine models of prostate cancer develop metastases. Mice having prostate-specific homozygous deletions in SMAD4 and PTEN or expression of mutant KRAS develop metastases in visceral organs but rarely in bone (13) (14) (15) .
Targeting genetically altered constitutively active protein kinases such as BCR-ABL in chronic myelogenous leukemia and BRAF V600E in melanoma has led to dramatic clinical responses (16) . Although numerous oncogenic alterations have been identified in prostate cancer, DNA amplifications, translocations, or other mutations resulting in constitutive activity of kinases are rare (6, 9, 17) . Genome sequencing of metastatic prostate cancer tissues from >150 patients found translocations involving the kinases BRAF and CRAF in <1% of patients (8, 18) . Although uncommon, these genomic aberrations cause enhanced BRAF and CRAF kinase activity and suggest that kinase-driven pathways can be crucial in prostate cancer. Multiple lines of evidence indicate that nonmutated kinases may contribute to prostate cancer progression, castration resistance, and metastasis. SRC kinase synergizes with AR to drive the progression of early-stage prostatic intraepithelial neoplasia to advanced adenocarcinoma (19) . SRC, BMX, and TNK2 kinases promote castration resistance by phosphorylating and stabilizing AR (20) (21) (22) . Moreover, FGFR1, AKT1, and EGFR kinases activate pathways in prostate cancer cells to drive epithelial-to-mesenchymal transition and angiogenesis, both of which are key steps in metastasis (23) (24) (25) . Despite the strong evidence implicating kinases in advanced prostate cancer, a systematic analysis of the functional role of kinases in prostate cancer metastasis has been lacking.
Metastasis of epithelial-derived cancers encompasses a complex cascade of steps, including (i) migration and invasion through Significance Therapies are urgently needed to treat metastatic prostate cancer. Mutationally activated and wild-type kinases such as BCR-ABL and BTK are effective therapeutic targets in multiple cancers. Genetically altered kinases are rare in prostate cancer. Wild-type kinases may be implicated in prostate cancer progression, but their therapeutic potential in metastatic prostate cancer remains unknown. Using phosphoproteomics and gene expression datasets, we selected 125 wild-type kinases implicated in human prostate cancer metastasis to screen for metastatic ability in vivo. The RAF family, MERTK, and NTRK2 drove prostate cancer bone and visceral metastasis and were highly expressed in human metastatic prostate cancer tissues. These studies reveal that wild-type kinases can drive metastasis and that the RAF family, MERTK, and NTRK2 may represent important therapeutic targets.
surrounding stroma/basement membrane, (ii) intravasation and survival in circulation/lymphatics, (iii) extravasation through the vasculature, and (iv) survival and growth at a secondary site (26) . With the exception of genetically engineered mouse models, no single experimental assay can model all steps of the metastatic cascade. As a result, most screens for genes involved in metastasis have focused on testing one step of the cascade. The migration/invasion step of metastasis is commonly interrogated in vitro by determining the ability of cells to invade through small pores in a membrane (27) (28) (29) . Genes that function in other steps, or those dependent on the in vivo microenvironment to promote metastasis, are likely to be overlooked in these screens.
Multiple groups have performed in vivo screens for regulators of metastasis by manipulating cell lines in vitro with shRNA libraries or using genome editing techniques, and injecting cells either subcutaneously or into the tail vein of mice (30, 31) . These methods are advantageous, because they interrogate multiple steps of the metastatic cascade (survival in circulation, extravasation, and colonization and growth at a secondary site) in a physiologically relevant environment. However, the majority of in vivo screens conducted so far have been based on loss-of-function genetics. These screens are limited to inhibiting the function of proteins expressed by a particular cell line. Using a gain-of-function in vivo screen, we sought to identify kinases that activate pathways leading to prostate cancer metastasis.
Results
Identifying Potential Metastasis-Promoting Kinases Using an Integrated Approach Combining Genomic/Transcriptomic, Phosphoproteomic, and Literature Data. The human kinome encodes over 500 kinases, many of which likely have a limited role in prostate cancer. We reasoned our results would have more relevance if we screened only kinases with evidence of enhanced expression and/or activity in human metastatic prostate cancer. Because no single analysis is both accurate and comprehensive in predicting relevant kinases, three different data sources were investigated. The database cBioPortal contains multiple genomic/transcriptomic datasets from patients with metastatic prostate cancer (6, 9, 32) . Five hundred and five kinases were queried for increased RNA expression or genomic amplification in >10% of metastatic patient samples. From this analysis 54 kinases were identified (Table S1 ). However, high mRNA expression or genomic amplification of a kinase does not always correlate with kinase activity. Identification of phosphorylated kinases or their substrates by phosphoproteomics can better predict kinase activity. Analysis of our previously published phosphoproteomics dataset (33) identified 52 additional kinases with enriched activity in metastatic samples in comparison with benign or localized prostate cancer. Previously published functional studies also provide strong evidence of kinase activity. Searching PubMed using the terms "kinase," "prostate cancer," "metastasis," and "castration resistance" followed by prioritization of articles based on strength of functional data yielded an additional 19 kinases. Our selection method provided 125 kinases for further interrogation of their metastasis-promoting ability ( Fig. 1 and Table S1 ).
Development of an in Vivo Lung Colonization Screen. We devised an in vivo lung colonization screen to test the metastasis-promoting ability of the 125 candidate kinases. A gain-of-function screening design was chosen given our interest in testing whether enhanced expression of a kinase is sufficient to drive metastasis. Additionally, it is unlikely that all 125 kinases are expressed in any single prostate cell line for loss-of-function studies.
Kinases were cloned into a lentiviral expression vector and stably overexpressed in Cap8 cells derived from PTEN null mice (34) (Fig. S1 ). Cap8 cells have minimal to no metastatic ability in vivo but metastasize when overexpressing a mutationally activated kinase, SRC Y529F (Fig. S2) . A luciferase reporter vector was also expressed in Cap8 cells to monitor their metastatic behavior in vivo by bioluminescence imaging (BLI).
Testing all 125 kinases as a "pool" in a single mouse would bias our screen toward kinases that are rapid inducers of metastatic colonization. Instead, we decided to test groups of five kinases per mouse to enable identification of kinases with varied metastatic potencies. Groups were selected by choosing five kinases with different molecular weights. Cap8 cells were stably transduced with individual kinases to make 125 different Cap8-kinase cell lines. Equal numbers of five different Cap8-kinase cell lines were pooled and injected into the tail vein of immunocompromised CB17 mice. Because all kinases were cloned with a V5 C-terminal tag (Fig. S1 ), the metastasis-promoting kinase in each group could be identified by Western blot analysis of the metastatic tissue with a V5 antibody ( Fig. 2A) .
In Vivo Colonization Screen Identifies 20 Kinases That Promote
Metastasis in Murine Prostate Cancer Cells. From our screen of 125 kinases, we identified 20 kinases that promoted lung metastasis in vivo (Fig. 2 B-D) . The most rapid detection of metastasis occurred 2 wk after injection, and was attributed to kinases NTRK2 and MAP3K8. Kinases MAP3K15, MERTK, and all members of the RAF family of kinases (ARAF, BRAF, and CRAF) drove the formation of significant lung metastasis within 3 wks. Kinases promoting metastasis but having a longer latency included FGFR1 (6 wk), SRC (6 wk), and BMX (7 wk) (Figs. 2D and 3A) . Both FGFR1 and SRC have previously described roles in prostate cancer metastasis, which provides support for the validity of our screen (35, 36) . Several small lung nodules were recovered at necropsy in 2/5 control mice after 10 wk (Fig. S3B) . Albeit weak, the inherent metastatic ability of Cap8 cells in our model system implies that the 20 kinases identified are "enhancers of metastasis." It is still unclear whether they are actually "drivers" of de novo metastasis. 
Phosphoproteomics dataset

Screening in Human Prostate Cells Identifies Five Kinases That Drive
Bone and Visceral Metastasis in Vivo. To identify which of the 20 candidate kinases drive rather than enhance metastasis in a human cell context, we next assayed their ability to promote metastasis when overexpressed in nonmalignant human prostate cells. The RWPE-1 cell line is derived from normal human prostate epithelium and immortalized with HPV-18 E6/E7 oncogenes (37). RWPE-1 cells do not form colonies in soft agar, nor are they tumorigenic in nude mice (37) . RWPE-1 cells expressing a luciferase reporter gene were separately infected with lentiviruses expressing each of the 20 kinases. Each kinase cell line was individually injected into the tail vein of NOD scid gamma (NSG) mice (Fig. 3A) . Following tail vein injection, most cells are assumed to get lodged in the small capillaries of the lung rather than travel through the systemic circulation (38) . This assumption is consistent with the BLI of mice conducted immediately after injection, showing tumor cells in the lungs but not in other anatomical sites (Fig. 3B) .
Strikingly, mice injected with cells overexpressing the kinases MERTK, ARAF, BRAF, CRAF, and NTRK2 did not show symptoms of lung metastasis but rather developed hind leg weakness. Mice injected with CRAF-, MERTK-, and NTRK2-expressing RWPE-1 cells were the first to show symptoms 1-2 mo postinjection. A longer latency of up to 6 mo was observed in mice injected with cells expressing ARAF and BRAF. Using BLI, signal was detected in the hind legs (Fig.  3B) . Although BLI is extremely sensitive, it lacks the precision to accurately predict the location of a metastasis, especially when signal is outside the lungs. Positron-emission tomography combined with computed tomography (PET/CT) is tissue depth-independent and enables precise identification of tumor localization based on cancer cell metabolic activity (39) . PET/ CT imaging of mice injected with cells expressing MERTK, ARAF, BRAF, CRAF, and NTRK2 showed high [ 18 F]FDG accumulation in the bones, lungs, and lymph nodes (Fig. 3C) . Control mice were negative for [
18 F]FDG accumulation in all corresponding anatomical sites (Fig. 3C) . Further assessment of the CT scans suggested that the bone metastases in mice injected with cells expressing MERTK, ARAF, BRAF, CRAF, and NTRK2 are likely osteolytic.
Histological evaluation of tissues confirmed tumor cell colonization of the lungs, lymph nodes, and bone (femur, tibia, ilium, and vertebra) (Fig. 4 and Figs. S4 and S5 ). The RAF family members and NTRK2 drove the formation of lung and lymph node metastasis with a similar incidence, whereas MERTK-overexpressing cells did not colonize the lungs (Fig. 3D) . Although not quantitative, we observed by histology that metastases driven by CRAF, MERTK, and NTRK2 were extensive, with tumor cells often replacing large areas of bone marrow in the long bones, pelvis, and spine (Figs. 3D and 4) . In contrast, small metastatic deposits were observed in the femur and spine of mice injected with cells expressing ARAF and BRAF (Fig. 4) . To verify that each metastasis expressed the respective kinase and originated from human RWPE-1 cells, bone tissue sections underwent immunohistochemical (IHC) analysis for kinases (MERTK, ARAF, BRAF, CRAF, and NTRK2), HLA, prostate-specific antigen (PSA), and the epithelial cell marker E-cadherin. As shown in Fig. 4 , strong IHC staining of each respective kinase, HLA, E-cadherin, and PSA was detected in all bone metastases. After 8 mo, mice injected with RWPE-1 cells expressing PIK3Cα, MAP3K8, FGFR3, and NTRK3 developed lung, lymph node, and bone micrometastases. None of the mice injected with RWPE-1 cells expressing the other 12 kinases developed metastasis assessed by BLI and histology after 9 mo. Altogether, the functional data described indicate that RAF family members, NTRK2, and MERTK have strong metastasis-promoting ability in both human and mouse prostate cell lines and drive the formation of bone metastasis.
MERTK, NTRK2, and RAF Family Members Are Expressed in Human
Prostate Cancer Bone and Visceral Metastasis Tissues. ARAF, BRAF, and CRAF were originally selected for the screen based on predicted activity from our human metastatic prostate cancer phosphoproteomics dataset. Due to the sequence similarity of the RAF kinases (40) , some common phosphopeptide substrates could be shared by all three RAF family members. Which RAF family members are relevant to human metastatic prostate cancer remains unclear. MERTK and NTRK2 were added to the screen based on evidence of their role in lung (41), melanoma (42) , and glioblastoma metastasis (43) , but neither kinase has been previously implicated in prostate cancer metastasis.
To Gleason 7 prostate cancer develop metastasis (44), we hypothesized that the metastasis-promoting kinases would have low expression in the majority of benign and localized prostate cancer tissues in comparison with metastatic prostate cancer tissues. Consistent with our hypothesis, we found ARAF, BRAF, MERTK, and NTRK2 to be highly expressed in metastatic tissues in comparison with benign or localized prostate cancer tissues (Fig. 5) . Remarkably, 69% of metastatic tissues (68/99 samples) had strong ARAF staining (scored as 2+), whereas only 11% of normal (11/102 samples) and 19% of localized prostate cancer tissues (20/105 samples) had ARAF staining of similar intensity. Strong BRAF, MERTK, and NTRK2 staining was detected in 15% (15/ 100 samples), 33% (32/98 samples), and 32% (31/96 samples) of metastatic tissues, but less than ∼10% of normal and localized prostate cancer tissues were scored 2+ for these three kinases. CRAF-positive staining was higher in metastases (26%, 26/99 samples) in comparison with normal prostate tissue (12%, 11/92 samples). However, no difference in CRAF staining was observed between localized (25%, 24/95 samples) and metastatic prostate cancer. We cannot exclude the possibility that the activation state of CRAF may be different between localized and metastatic prostate cancer samples. Overall, the IHC staining results provide evidence that MERTK, NTRK2, and the RAF family members are expressed and could be functionally relevant in human metastatic prostate cancer. Based on expression, ARAF, BRAF, MERTK, and NTRK2 are more likely to have a functional role in metastasis rather than in early-stage prostate cancer.
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Discussion
The strong metastatic ability of RAF family members in our model is consistent with previous reports describing alterations of this pathway in human prostate cancer metastasis. Based on copy number alterations and transcriptome and mutational data, Taylor et al. found that RAS/RAF signaling is dysregulated in 43% of primary tumors and >90% of metastasis (9) . Recently, two studies identified BRAF and CRAF fusion proteins with predicted constitutive kinase activity in a small subset (<0.05%) of advanced localized and metastatic prostate cancer tumors (8, 18) . We found overexpression of CRAF in the human prostate cell line RWPE-1 to be a more potent driver of bone metastasis (with regard to metastatic burden and time point at which metastases necessitated euthanasia) than ARAF or BRAF. Despite its lower metastatic potency, ARAF expression in human metastatic prostate cancer tissues was much higher than BRAF or CRAF expression. It is possible that ARAF is the dominant RAF family member functioning in human prostate cancer metastasis.
The mechanism by which RAF family members drive metastasis and in particular bone colonization is unknown. Using Madin-Darby canine kidney (MDCK) cells, Lehmann et al. showed that dimerization of CRAF not only induces ERK/MAPK pathway activation but also leads to TGF-β secretion (45) . Because the TGF-β signaling pathway is considered one of the key pathways driving prostate cancer bone metastasis (46) , CRAF may contribute to metastasis by promoting autocrine TGF-β secretion. Much less is known about the role of ARAF in tumorigenesis, but a recent study showed that ARAF homodimerization or heterodimerization with BRAF enhanced the metastatic ability of lung cancer cells (47) .
We also show that MERTK is a potent inducer of prostate cancer metastasis. As a member of the TAM family of tyrosine kinases, MERTK is best-known for its role in promoting phagocytosis of apoptotic cells and dampening the proinflammatory cytokine response (48) . MERTK is overexpressed and/or has functional activity in multiple cancers but is rarely genetically amplified or mutated (48) . We demonstrate that wild-type MERTK has functional activity in metastasis and is highly expressed in human prostate cancer metastasis tissues. Lending support to our findings are studies demonstrating that MERTK drives migration and invasion in glioblastoma and melanoma cells (42, 43) .
The downstream pathways activated by MERTK include the RAF/ERK/MAPK, AKT, Stat, and NF-κB pathways (48) . Given the metastatic potency of the RAF pathway in our model, MERTK may be dependent on this pathway for its metastatic ability.
NTRK2 and NTRK3, belonging to the neurotrophin family of tyrosine kinases, were also identified in our screen as strong promoters of prostate cancer metastasis. Expression analyses have previously implicated these kinases in prostate cancer. NTRK2 and NTRK3 were undetectable in normal prostate epithelial cells but positive in bone metastasis tissues (49) . The precise function of the neurotrophin tyrosine kinases in prostate cancer is unknown. In multiple cancer types, NTRK2 promotes resistance to anoikis (detachment-induced apoptosis), which is a key step in the metastatic cascade (28, 50) . Preventing anoikis could be part of the mechanism by which NTRK2 contributes to prostate cancer metastasis.
One of the most interesting features of our metastatic model is the high frequency of metastasis to the lumbar spine, femur, pelvis, and tibia. This bone metastasis pattern is similar to sites of prostate cancer bone metastasis in humans, with the lumbar vertebrae being most common, followed by ribs, pelvis, and long bones (51) . Greater than 80% of mice injected with cells overexpressing ARAF (7/8 mice) and MERTK (5/6 mice) developed bone metastasis, whereas BRAF, CRAF, and NTRK2 promoted bone metastasis in at least 50% of mice. In comparison, the few genetically engineered mouse models that develop prostate cancer metastasis have a lower penetrance (12.5-25%) of bone metastases (52) (53) (54) . Intracardiac or direct bone injection of human prostate cancer cell lines results in a higher frequency of metastasis, but the incidence and location of bone metastasis vary widely between studies (55, 56) . The similarities of our model to human prostate cancer and the high frequency of bone metastasis may increase the feasibility of studying the biological mechanisms of prostate cancer bone metastasis. Integrins and chemoattractants such as αVβ3 and SCF1 likely contribute to prostate cancer bone tropism, and our model could provide insights into how certain kinase pathways regulate these bone homing factors (57, 58) .
Our results underscore the potential contribution of wild-type kinases to prostate cancer metastasis and provide rationale for therapeutically targeting MERTK, NTRK2, and RAF family members. Currently, there are no selective Food and Drug Administration (FDA)-approved inhibitors of MERTK or NTRK2. The multikinase inhibitor foretinib inhibits MERTK in addition to c-MET and VEGFR (59) . Because c-MET inhibition is effective in some patients with metastatic prostate cancer, targeting both MERTK and c-Met with foretinib may be a promising therapeutic approach (60) . Pan-NTRK family member inhibitors are excellent therapeutic candidates for prostate cancer, because they would block the bone metastasis-promoting functions of NTRK2 and NTRK3, and NTRK1-mediated bone pain (61) . Sorafenib is an FDA-approved small-molecule inhibitor targeting RAF family members and other kinases such as VEGFR-2, VEGFR-3, and PDGF-β (62) . Clinical studies involving a small number of patients have suggested that sorafenib may have therapeutic benefit in patients with castration-resistant prostate cancer (63, 64) . Due to reports of paradoxical RAF inhibitor-mediated RAF activation, inhibiting the direct downstream targets of RAF, MEK1/MEK2, may be a better approach (65) . Trametinib, an inhibitor of MEK1/MEK2, is currently in phase II clinical trials for patients with advanced prostate cancer (66) . Future studies should focus on inhibition of MERTK, NTRK2, and RAF pathways in metastatic models to provide additional rationale for targeting these kinases in patients with metastatic prostate cancer.
Methods
Cell Culture and Reagents. Cap8 cells were obtained from the laboratory of Hong Wu, University of California, Los Angeles (UCLA), and propagated in DMEM supplemented with 10% (vol/vol) FBS (Gibco), 25 μg/mL bovine pituitary extract (Lonza), 5 μg/mL human insulin (Gibco), 6 ng/mL recombinant human epidermal growth factor (PeproTech), glutamine (1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) (34). RWPE-1 cells were purchased from ATCC and cultured in keratinocyte serum-free medium (K-SFM) (Gibco) supplemented with 0.05 mg/mL bovine pituitary extract (Gibco), 5 ng/mL EGF (Gibco), penicillin (100 U/mL), and streptomycin (100 μg/mL). 293t cells used for lentiviral production were cultured in DMEM supplemented with 10% (vol/vol) FBS, glutamine (1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL).
Cloning of Kinases. We obtained the Center for Cancer Systems Biology-DanaFarber Cancer Institute-Broad Human Kinase ORF collection consisting of 559 kinases in pDONR-223 Gateway entry vectors. The plasmid kit (Addgene Kit 1000000014) was a gift from William Hahn and David Root, Broad Institute of Harvard and Massachusetts Institute of Technology, Boston. Using the pcDNA 6.2/V5-DEST (Invitrogen), we cloned the attR1-ccdB-CmR-attR2-V5-SV40-blasticidin cassette into the previously described third-generation lentiviral FUCGW vector (67) . The FU-R1-R2-V5-SV40-Blasti-CGW vector (Fig.  S1) is optimized for our screen based on the V5 tag enabling kinase detection with V5 antibody and selection of kinase-expressing cells using blasticidin. Kinases in pDONR-223 vectors were cloned into FU-R1-R2-V5-SV40-Blasti-CGW using LR Clonase II (Invitrogen) and sequenced to verify the wild-type sequence. Wild-type BRAF and RPS6KA4 were not included in the ORF kinase collection. We acquired these ORFs from the Harvard PlasmID Repository and subcloned them into the FUCGW vector.
Virus Production. Third-generation lentiviruses were prepared by calcium phosphate precipitation transfection of 293t cells with plasmids expressing kinases (FU-kinase-V5-SV40-Blasti-CGW) or luciferase (FU-ILYW). The lentiviruses were prepared as described (67) .
Western Blot. Whole-cell lysates were prepared in RIPA lysis buffer (150 nM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with phosphatase inhibitor (cocktails 2 and 3; Sigma) and protease inhibitor cocktail (Roche). Equal amounts of protein were separated by 4-20% (mass/vol) Tris-Hepes SDS/PAGE (Thermo Fisher), followed by immunoblotting analysis with the indicated antibodies.
Kinase protein expression was detected using a V5 antibody (Invitrogen R960-25; 1:2,500). Because AXL and BRAF lacked a V5 tag, we verified their expression using an AXL antibody (Cell Signaling 4977; 1:1,000) and a BRAF antibody (Cell Signaling 55C6; 1:1,000).
Animal Studies. All animal experiments were performed according to the protocol approved by the Division of Laboratory Medicine at the University of California, Los Angeles. NOD.CB17-Prkdc scid /J mice (for the primary screen) and NOD-scid gamma (for the secondary screen) were purchased from Jackson Laboratories. For all experiments, male mice between 6 and 8 wk of age were used.
Primary in Vivo Kinase Screen.
Infection of cells and tail vein injections. Cap8 cells were infected with lentivirus expressing luciferase and YFP (FU-ILYW) at a multiplicity of infection (MOI) of 10. Three days later, cells were sorted based on YFP expression using a BD FACSAria. Cap8-ILYW cells were expanded and frozen in aliquots so that all experiments would start at the same cell passage number. Upon starting an experiment, Cap8-ILYW cells were thawed and propagated for 5 d followed by infection with kinases individually at an MOI of 8 in media containing polybrene (8 μg/mL). Twenty-four hours after infection, media was removed and replaced with media containing 13 μg/mL blasticidin (InvivoGen). Cells underwent blasticidin selection for 5 d, followed by propagation for 48 h in complete media (without blasticidin). Instead of screening 125 kinases individually in vivo, we tested groups of 5 kinases in each mouse. Five kinases with different molecular weights were selected for each group. Each group was prepared by counting 2 × 10 5 cells of each of the five kinase cell lines and pooling the kinase cell lines together in 200 μL HBSS (Life Technologies). Using a 27-G needle, 200 μL (1 × 10 6 total cells) was injected into the lateral tail vein of CB17 mice in duplicate. D-luciferin substrate was injected i.p. into mice, followed by BLI to verify proper tail vein injection of kinase-expressing Cap8-ILYW cells (indicated by luciferase signal in the lungs). Mice were monitored for physical symptoms of metastasis (labored breathing, cachexia, difficulty moving) and by biweekly BLI. Upon detection of metastasis, mice were euthanized and lung tumors were dissected and stored at −80°C. Identification of metastasis-promoting kinase. Lung tumors were thawed, homogenized, and sonicated in RIPA lysis buffer. After a high-speed spin, protein concentration of the supernatant was measured in preparation for Western blotting. Because all kinases had a V5 C-terminal tag, the Western blot was probed with a V5 antibody to determine which size kinase was enriched in the metastasis tissues. To aid in identifying the enriched kinase, we included on our Western blot lysate from 293t cells expressing the five kinase cell lines individually. This Western blot was used as a reference of the individual kinase sizes. For the majority of the metastasis tissues analyzed by Western blot, only one out of the five kinases was enriched. If >1 kinase was identified in the metastasis tissues by Western blot, tail vein injections using cell lines expressing each of the kinases were repeated.
Secondary in Vivo Kinase Screen.
Infection of cells and tail vein injections. The same infection method described for the primary screen was used to transduce RWPE-1 cells with a lentivirus expressing luciferase followed by lentiviruses expressing the 20 kinases (identified in the primary screen). RWPE-1 cells expressing kinases were selected with 15 μg/mL blasticidin for 5 d and prepared for tail vein injection following the method described for the primary screen. However, instead of screening 5 kinases at a time, the 20 kinases were tested individually. Kinase UCLA Department of Nuclear Medicine) was injected into the tail vein. After 1 h, the mice were imaged for 10 min on a Genisys 4 imager (Sofie Biosciences) followed by a high-resolution computed tomography scan on a CrumpCAT imager (UCLA).* PET and CT images were manually coregistered. Images were analyzed using AMIDE medical imaging software (68).
Immunohistochemistry. Metastatic tissues were removed from the mice and fixed in 10% (vol/vol) formalin overnight and paraffin-embedded. Bones were decalcified before paraffin embedding. Four-micrometer-thick sections were stained with hematoxylin and eosin for representative histology. For IHC analysis of TMAs, sections were heated at 65°C for 1 h followed by deparaffinization in xylene and rehydration in 100%, 95%, and 70% (vol/vol) ethanol. Antigen retrieval was performed by heating samples at 95°for 20 min in 0.01 M citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked with 3% (vol/vol) H 2 O 2 for 10 min, followed by blocking for nonspecific binding with 2.5% (vol/vol) horse serum (Vector Laboratories) for 1 h. Primary antibodies (see below) were diluted in 2.5% (vol/vol) horse serum and incubated on slides overnight at 4°C. Following three washes with 1× PBS, slides were incubated with antimouse HRP or anti-rabbit HRP secondary antibodies (Dako) for 1 h at 25°C. Slides were developed using the liquid DAB+ Substrate Chromogen System (Dako), counterstained with hematoxylin, dehydrated, and mounted. MERTK protocol. IHC staining for MERTK was conducted as described (69) . Briefly, we followed the same primary antibody protocol as described above, but to increase the sensitivity of MERTK staining we used a biotinylated secondary antibody (goat anti-rabbit IgG; Boster Biotechnology), followed by peroxidase-conjugated streptavidin (SABC; SA1022; Boster Biotechnology). The slide development protocol was followed as described above. (70) . The Institutional Review Board of the University of Washington approved this study. Visceral metastases were identified at the gross level, bone biopsies were obtained according to a template from 20 different sites, and metastases were identified at a histological level.
Tissue microarray construction. One hundred and three CRPC metastases (including 45 visceral metastases and 58 bone metastases) from 33 autopsy patients (up to four sites per patient) were fixed in buffered formalin [bone metastases were decalcified in 10% (vol/vol) formic acid] and embedded in paraffin. A TMA was made using duplicate 1-mm-diameter cores from these tissues. Human benign prostate and localized prostate cancer tissue microarrays. Construction of TMAs was approved by UCLA's Institutional Review Board. Samples were obtained from prostatectomy specimens performed at UCLA between 2001 and 2010. A total of 115 cases of high-grade prostate adenocarcinoma (combined Gleason score 7-9) were selected. Three cores of tumor and three cores of corresponding benign prostate were obtained from each case and transferred to two recipient TMA blocks.
Scoring of TMAs. TMAs were scored 0, 1, and 2 based on intensity of staining, with 0 indicating no staining, 1 indicating weakly positive staining, and 2 indicating strongly positive staining. Two separate observers scored normal prostate, localized prostate cancer, and metastatic prostate cancer TMAs. TMAs and corresponding scores were reviewed by a board-certified pathologist. Because MERTK is expressed in normal human prostate basal cells and in macrophages, scores for MERTK were based on expression only in luminal cells. Representative images of TMAs were taken using a Zeiss Axio Imager A1 microscope. To optimize TMA images for print (Fig. 5) , PowerPoint was used to equally adjust all images using the following parameters: sharpen (+25%), brightness (−33%), and contrast (+66%). Lungs from mice injected with Cap8-Src Y529F cells
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